During bad weather conditions, muon flux above 1 GeV observed in GRAPES-3 muon telescope shows large variations. The atmospheric electric field is believed to be responsible for acceleration of cosmic ray muons. A thunderstorm event observed on 30 September 2015 is discussed here. The field of view of large area (560 m 2 ) tracking muon telescope at GRAPES-3 allows study of muon intensity variations in 169 directions with ∼4 • resolution. This event shows large decrease in North-East directions, with a maximum decrease of -0.6% in all directions combined and -4.5% in a single direction. Muons from selected directions were combined and processed with fast Fourier transform (FFT) to remove slow and ultra-fast variations ( f = 10-200 cycles per day). The filtered data shows maximum decrease of -1.2% with statistical significance of 9σ . Monte Carlo simulations were carried out with modified CORSIKA package to incorporate electric field. Simulations show that electric potential ∼1 GV is needed to get variation of 1% in GRAPES-3 muon flux.
Introduction
The propagation of cosmic ray (CR) particles can be affected by the atmospheric electric field (AEF). The acceleration and deceleration of these particles depend on polarity of the field. The atmospheric acceleration of CR particles was first suggested by C.T.R. Wilson in 1925 [1, 2] . In his hypothesis, he suggested that AEF can accelerate electrons in the atmosphere. Several ground based experiments have confirmed the influence of AEF on secondary particles in EAS. A clear linear and quadratic dependence of electric field in soft and hard components was observed by Baksan experiment [3] [4] [5] [6] . Variations in muon flux and neutron monitor data was observed at Mt. Norikura by ICRR group [7] . Variations in soft gamma ray flux was observed by EASTOP experiment [8] . These reports did not provide directional information about the thunderstorm events. However, in GRAPES-3, the thunderstorm events can be studied with directional information in detail as discussed in following sections.
The GRAPES-3 tracking muon telescope
The muon telescope of the GRAPES-3 experiment at Ooty, India is collecting data uninterruptedly since 2001 [9] . It is designed to study high energy CR astrophysics. The primary objective of the muon telescope is to differentiate primary gamma rays from charged CR in GRAPES-3 to obtain cosmic ray composition and to probe various solar phenomena with high precision [10] .
The muon telescope uses proportional counter (PRC) as the basic element. Each PRC is made of mild steel tube of 600 cm long, 10 cm×10 cm cross section with a wall thickness of 2.3 mm. A muon telescope module consists of 232 PRCs arranged in 4 layers, with alternate layers placed in mutually orthogonal directions which gives sensitive area of 35 m 2 . The total area covered by all 16 module is 560 m 2 with coverage of 2.3 sr. Two successive layers of PRCs are separated by 15 cm thick concrete which permits a two dimensional reconstruction of muon tracks in two vertical, orthogonal planes (Fig. 1a) . The vertical separation of two layers of PRCs in the same plane is 50 
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Effects of atmospheric electric field on muon intensity observed in GRAPES-3 experiment B. Hariharan cm which allows the muon tracks to be reconstructed in 225 directions ( Fig. 1b) with an accuracy of ∼4 • in the projected plane. The outer most bins are overflow bins which can be ignored and the muons from inner 169 directions can be used for physics study. To achieve an energy threshold of 1 GeV for vertical muons, a total thickness of ∼550 g cm −2 in the form of concrete blocks of 2.4 m thickness is used as absorber. The concrete blocks have been arranged in the shape of an inverted pyramid to achieve an energy threshold of sec(θ ) GeV for muons incident at a zenith angle θ with coverage up to 45 • . The GRAPES-3 experiment records 4×10 9 muons daily with statistical error of ∼0.002%. The muon data has been successfully corrected for efficiency variation [11] . The high quality data recorded by the GRAPES-3 muon telescope allows us to study any transient effects with high precision.
Electric field measurement
The GRAPES-3 has installed, Boltek make EFM-100 atmospheric Electric Field Monitor (EFM) installed at four different locations. The EFM 'G3' is placed at the location of the muon telescope. The other EFMs namely 'GS', 'G2' and 'GL' are placed with the separation of few kilometers as shown in Fig. 2 . It records AEF at every 50 millisecond(ms). On a clear weather, the observed electric field is ∼0.01-0.07 kV m −1 , whereas during thunderstorm the magnitude of electric field can reach beyond 10 kV m −1 . During lightning strokes, it was observed that the rise time of electric field discharge is comparable to the resolution of the instrument which means the discharge is much faster than 50 ms. This instrument provides approximate distance of the lightening discharge without any directional information.
On an average, GRAPES-3 observes ∼30 thunderstorm events every year. A simple and larger variation event which was observed on 30 September 2015 was selected for our study. On 30 September 2015, a large variation event was observed in muon rate which showed variations in ∼36% of GRAPES-3 field of view. By applying quality cuts, the muon rates from 11 telescopes were combined in 1 minute bin interval to minimize statistical error. The data was corrected for atmospheric pressure variations. The combined muon rates from all directions show variation of -0.6%. Variation of -5% were also observed in a few single directions in 169-direction. To maximize signal to background ratio, directions with muon rate variation larger than -0.5% were selected and combined. This resulted in selection of 61 directions out of 169 directions mostly distributed in North-East region. Both the muon rate and EFM data were processed with FFT to retain frequencies from 10 to 200 cycles per day by using a sine edge rectangular band pass filter. The filtered muon rate (Fig. 3a) shows a maximum variation of -1.2% (9 σ ). In the event time span (Fig. 3b) , one can see clear movement of muon rate variation from North-East to South-West direction which indicates the movement of electric field in thunderclouds.
The muon rate seems to have better agreement with EFM data in most of the places. However, the initial perturbations in EFM does not have correlation with muon rate. This could be due to the omni-directional measurements of the EFM instrument where as the muon rates are directional.
CORSIKA simulations
CORSIKA is a package to carry out MC simulation of EAS development [12] . It has ∼80000 lines of code developed in FORTRAN and a few optional C routines. It can be used with various hadronic event generators like DPMJET [13] , EPOS LHC [14] , NEXUS [15] , QGSJET 01C [16] , QGSJETII-04 [17] , SIBYLL 2.1 [18] and VENUS 4.12 [19] for high energy interactions and GHEISHA [20] , FLUKA [21] and UrQMD [22] for low energy interactions. It is used to simulate primaries in the energy range of 10 9 eV -10 20 eV. The secondary particles are tracked through the atmosphere until they reach observational level or up to a threshold energy defined by the user. At a given observational level, the position, momentum and time-of-flight of secondary particles are
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The effects of electric field can be simulated with an inbuilt option 'EFIELD' in CORSIKA [23] . But the EFIELD allows simulations only for electrons and positrons. However, the GRAPES-3 simulations are primarily on muons, the effects can not be studied with the existing EFIELD. So, the EFIELD option was modified to study the electric field effect on muons [24] . A total of 7.4×10 10 proton showers were simulated using CORSIKA v74001 with the combination of SIBYLL and FLUKA generators in the energy range of 10 GeV -10 TeV. The zenith angle range was 0 • ≤ θ ≤60 • and azimuthal angle range was 0 • ≤ φ ≤360 • . The energy threshold of secondary particles were set to 50 MeV for hadrons, 10 MeV for muons, 1 GeV for electrons and 1 GeV for gammas. The primaries were selected based on their directional cutoff rigidity through another modification in CORSIKA [25] .
The simulations were carried out for 60 steps of electric field ranging from -15 to 15 kV cm −1 with step size of 0.5 kV cm −1 . And a set was simulated without electric field for background. The field was uniformly applied at 6 km above Ooty with the cloud thickness of 2 km. From simulations, muons above 1 GeV observed at Ooty altitude were selected for detector simulation. The in-house developed detector simulation code was used to track CORSIKA muons for various trigger conditions and to get the angular distribution of muons in 169 directions.
Results and discussions
The simulation profile (Fig. 4a) shows decrease in muon intensity irrespective of the applied electric field. Initially, a small positive excess can be seen at negative fields. The variation in muon intensity has non-linearity from -6 to 6 kV cm −1 . A change in slope is also observed beyond ±6 kV cm −1 which leads to a rapid decrease in muon intensity. The overall profile has a quadratic dependence of electric field which agrees with earlier reports [3, 4] . These results are contradictory with the expectations that the decrease and increase in different polarity of the fields are due to muon charge asymmetry. At Ooty, the muon charge ratio (µ + /µ − ) was estimated to be ∼1.25 from simulations (Fig. 4b) . The amount of excess positive muons could explain the dependence of decreasing and increasing muon intensity. The change in slope which leads to a rapid fall of muon intensity is due to the change in muon decay probability beyond the mean energy of muons at Ooty. The electric potential of order ∼1 GV is required to produce ∼1% variation in GRAPES-3 muon flux.
The dependence of muon rate and electric field was obtained from observation ( Fig. 5) . It shows similar quadratic dependence as seen in the simulation which was also reported by other experiments [5, 6] .
